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ABSTRACT: Surface disinfection currently plays a decisive role in the
epidemiological situation caused by the SARS-CoV-2 coronavirus. However,
most disinfection products available on the market have a high evaporation
rate and only an immediate action and not continuous, creating the need for a
high frequency of disinfection. To overcome this limitation, in the present
work, poly(methyl methacrylate) (PMMA) microcapsules were developed
with an active agent (hydrogen peroxide) encapsulated, which has the ability
to inactivate/neutralize the SARS-CoV-2 virus. PMMA-H2O2 microcapsules
have a spherical shape and a smooth structure with low porosity and were
successfully attached to nonwoven fabrics, as observed from scanning electron
microscopy. The thermogravimetric analysis shows that PMMA-H2O2
microcapsules have high thermal stability and can increase the stability of
H2O2. Nonfabric substrates functionalized with PMMA-H2O2 microcapsules
were tested by a highly sensitive and specific reverse transcription-quantitative real-time polymerase chain reaction (RT-qPCR)-
based method to evaluate antiviral activity through the degradation of SARS-CoV-2 deoxyribonucleic acids. The highest percentage
of viral nucleic acid elimination was obtained when exposing the viral sample for 1 h to PMMA-H2O2 microcapsules, resulting in an
elimination of >97% of the coronavirus. In addition, the microcapsules are stable over a period of three weeks and retain the ability
to eliminate SARS-CoV-2. Hence, it is demonstrated that this microcapsule system is efficient for SARS-CoV-2 elimination and
inherent surface disinfection.

1. INTRODUCTION

The emergence of SARS-CoV-2 virus has become a serious
threat to public health.1 Since the end of 2019, the world has
been trying to control the pandemic outbreak caused by
COVID-19 disease, which as of September 14, 2021, had
caused 4,547,782 deaths in 219,456,675 cases of infection.2

Identified in 1960, coronaviruses are a family of viruses that
naturally reside in animals, mainly in some species of bats.3

When present in humans, it can cause respiratory illnesses,
from constipation to pneumonia.4 In early December 2019, in
the city of Wuhan (Hubei Province, China), pneumonia of
unknown etiology was diagnosed in several patients.5

On the 31st of the same month, the Wuhan Municipal
Health Commission reported to the World Health Organ-
ization (WHO) 27 cases of pneumonia of unknown cause.6

Most of the patients worked or lived in the local wholesale
market in Huanan Seafood, where live animals were also
traded. On January 7, 2020, a new coronavirus was identified
(2019-nCoV), having >95% homology to the bat coronavirus
and >70% similarity to SARS-CoV.5 This new virus was later
renamed severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) by the Coronavirus Study Group and the
associated disease was named coronavirus 2019 disease
(COVID-19) by the WHO. The number of cases increased

exponentially, with several cases occurring where there was no
exposure to the live animal market, which suggested the
occurrence of transmission between humans.7 Although there
is still not enough information about the exact form of
transmission between humans, it is suggested that SARS-CoV-
2 is transmitted through the airway, through aerosol droplets
expelled from the nose and mouth.8 These respiratory droplets
can remain on surfaces and objects for several minutes or
several days, depending on the type of material.9 Infectiousness
stability is greater on smooth surfaces such as glass, wood, and
stainless steel.9 Adsorption of SARS-CoV-2 on everyday
surfaces causes high technological, medical, and public health
constraints. Therefore, frequent surface disinfection plays a key
role in controlling COVID-19.10 Several conventional
disinfectants are active against the SARS-CoV-2 virus, and
the most frequently used ones are bleach, hydrogen peroxide,
and alcohol solutions.11 These products available on the
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market are effective in a very short space of time due to their
high rate of evaporation, corrosivity, and immediate action,
implying frequent applications on surfaces to be disinfected.1

Due to this fact, there is a market need to develop new
materials that maximize the action of these disinfecting agents
to prolong the sterilization time and reduce the need and
frequency of their application by the end-user. Micro-
encapsulation appears as an alternative to overcome this
limitation. This methodology is able to provide stability to the
active agents of disinfectants, allowing the safe transport of this
type of substance, which is normally highly volatile.
Furthermore, the encapsulation allows controlled release, for
example by mechanical action when walking on a floor that has
been cleaned with a disinfectant product with encapsulated
active agents.12

Like sodium hypochlorite and ethyl alcohol, hydrogen
peroxide is also commonly used in disinfectant products. H2O2
is an oxygen-producing chemical, as it breaks down into water
and oxygen.13 Although there are several studies that report the
encapsulation of oils through different techniques,14−17 the
synthesis of microcapsules (MCs) filled with aqueous
compounds is underexplored and historically difficult,
especially with liquids that are extremely hydrophilic.18 This
product is bactericidal, sporicidal, and fungicidal and has the
ability to inactivate viruses including SARS-CoV-2. It acts by
attacking the lipid membrane, deoxyribonucleic acid, and other
components essential to the cell’s life (Figure 1).19,20

Only a few studies have reported the microencapsulation of
H2O2 in polymeric matrices, and none of these studies aimed
to use this chemical as a disinfectant and virus inactivator.21−23

The microencapsulation of H2O2 in poly(methyl methacrylate)
PMMA matrix has already been reported, but the application
of this polymeric system in disinfection has not yet been
evaluated.23 In this article, the evaluation of antiviral activity is

carried out through the degradation of SARS-CoV-2
deoxyribonucleic acids. These microcapsules have the potential
for direct applications in disinfectant products that can be
applied in textile material to provide properties such as self-
cleaning surfaces and/or antimicrobial resistance. Application
on nonwoven fabrics is performed in this article and their
efficiency tested. Nonwoven textiles have random fiber
conformation, filtration capacity, permeability, and porosity,
resulting in their frequent use in medicinal environments.24

This work reports the development of a microcapsule system
with an encapsulated active disinfectant agent capable of
immobilizing and/or neutralizing the SARS-CoV-2 virus on
various surfaces, such as fabrics (e.g., masks, gloves, clothing,
seats for private and public transport vehicles), metals (e.g.,
elevators, door handles, railings, and handrails), plastics (e.g.,
switches, kitchen utensils), walls, and floors. Through the
impregnation of these intelligent materials on different
surfaces, it will be possible to increase the time and
effectiveness of the action of the disinfectant agents, decrease
the viral presence on frequently touched surfaces and maintain
them virus-free for longer periods.

2. EXPERIMENTAL DETAILS

2.1. Materials. Polymethylmethacrylate (PMMA) with a
weight average (Mw) of 550,000 g/mol (based on GPC
analysis) and poly(vinyl alcohol) (PVA, 98−99%) were
purchased from Alfa Aesar (Massachusetts, EUA) and used
as received. Chloroform was purchased from LabChem
(Pennsylvania). An anionic surfactant, sodium dodecyl sulfate
(SDS), was provided by Acros Organics (New Jersey).
Hydrogen peroxide (30 wt %) in a water solution was
purchased from Scharlab (Barcelona, Spain). The BAYPRET
NANO-PU solution (TANATEX Chemicals) was used as the

Figure 1. Structural components of SARS-CoV-2 (left) and action of effective biocidal agents to inactivate the virus (right) (adapted with
permission from ROWAN, N. J.; MEADE, E.; GARVEY, M. EFFICACY OF FRONTLINE CHEMICAL BIOCIDES AND DISINFECTION
APPROACHES FOR INACTIVATING SARS-COV-2 VARIANTS OF CONCERN THAT CAUSE CORONAVIRUS DISEASE WITH THE
EMERGENCE OF OPPORTUNITIES FOR GREEN ECO-SOLUTIONS. CURR. OPIN. ENVIRON. SCI. HEAL. 2021, 23, 100290. 2021
ELSEVIER).
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subtract binder. All chemicals were used as supplied without
further treatment.
2.2. Microcapsule Synthesis. The PMMA microcapsules

(MCs) were synthesized by a solvent evaporation method
(Figure 2), where an oil-in-water (o/w) emulsion is created
using a mechanical stirrer. In the first stage, the polymer was
dissolved in chloroform under magnetic stirring for at least 24
h at ambient temperature to form an oil phase. The active
agent (H2O2) was then added to the above-mentioned solution
and the system was magnetically stirred for a further 10 min. In
the second stage, the solution was added dropwise to an
aqueous solution of 3 wt % SDS and 5 wt % PVA, under
mechanical mixing at 500 rpm (IKA, model EUROSTAR 20)
at 40 °C. The solution was allowed to stir until the evaporation
of the solvent was complete (1 h). The resulting microcapsules
were rinsed several times with water to remove any unreacted
reagent.
2.3. Morphological, Thermal, and Structural Charac-

terizations. The surface and morphology of microcapsules
were observed in an ultrahigh-resolution field emission gun
scanning electron microscope (FEG-SEM), NOVA 200 Nano
SEM, FEI Company, at SEMAT/UM, University of Minho.
Topographic images were obtained with a secondary electron
detector at an acceleration voltage of 10 kV. Before
morphological analysis, PMMA-H2O2 microcapsules were
covered with a thin film (50 nm) of Au-Pd (80−20 wt %),
with a high-resolution sputter coater, 208HR Cressington
Company, coupled to an MTM-20 Cressington high-resolution
thickness controller. Thermal analysis of PMMA-H2O2 micro-
capsules was conducted on a Hitachi STA 7200 simultaneous
thermal analyzer (Japan). Each experiment was conducted with

a sample weight ranging from 9 to 12 mg and placed in 5 mm
diameter aluminum pans. The latter experiments were
performed under a nitrogen atmosphere with a flow rate of
250 mL/min. In the dynamic analysis, the samples were heated
from 30 to 600 °C at a constant rate of 10 °C/min. The mass
change was recorded throughout the experiment. Thermal
analyses were performed in triplicate.
To study the chemical structure of microcapsules, attenuated

total reflectance-Fourier transform infrared (ATR-FTIR)
spectra were recorded using a Spectrum 2 FTIR spectropho-
tometer (ATR-FTIR, Perkin Elmer, Waltham, MA). The ATR-
FTIR spectrum was recorded over the range of 4000−450
cm−1, with a resolution of 4 cm−1. The spectra were collected
in transmittance mode on a pure diamond ATR crystal cell by
the accumulation of four scans.

2.4. SARS-CoV-2 Deoxyribonucleic Acid Degradation
Assay. Nonwoven fabrics were chosen as substrates to
perform the antiviral activity tests to evaluate the efficacy of
PMMA-H2O2 MCs in SARS-CoV-2 virus inactivation.
Synthetized PMMA-H2O2 MCs were dispersed into an
aqueous solution of the textile binder BAYPRET NANO-PU.
The resultant suspension was then loaded onto nonwoven
fabric samples (1 cm × 1 cm), covering the entire substrate
area (Figure 3). The functionalized samples were dried for 4 h
at 40 °C. Nonwoven fabric samples were prepared with
PMMA-H2O2 MCs of three different concentrations, 12.5, 25,
and 50 mg/cm2.
A previously developed25 highly sensitive SARS-CoV-2

ribonucleic acid degradation assay was performed to measure
the antiviral activity of the PMMA-H2O2 microcapsules. In this
assay, the exposure experiments were completed from a fresh

Figure 2. Representative scheme of the synthesis of PMMA-H2O2 microcapsules.

Figure 3. Photographic records of the preparation of nonwoven fabric samples with PMMA-H2O2 MCs.
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swab clinical sample, before nucleic acid extraction and the
synthesis of cDNA, to evaluate the degradation of SARS-CoV-
2 deoxyribonucleic acids as detailed elsewhere.26 SARS-CoV-2
samples derived from excess swab samples diagnosed through
RT-qPCR as SARS-CoV-2 positive at the diagnostic laboratory
from ICVS, University of Minho. Experiments with SARS-
CoV-2 isolates derived from human nasal swabs were approved
by the competent Institutional Review Board, Comissaõ de
Ética para a Investigaca̧õ em Cien̂cias da Vida e da Saud́e
(CEICVS), with the reference CEICVS008/2022. For this
assay, fresh swab samples were diluted to contain approx-
imately 1000−3000 viral copies per mL considering the
quantification cycle (Cq) of the RT-qPCR assay in relation to
the commercial standard reference, EDX SARS-CoV-2 Stand-
ard (SKU: COV019, BioRad) containing synthetic RNA
transcripts of SARS-CoV-2 E, N, ORF1ab, RdRP, and S genes,
at 200,000 copies/mL.

Samples of 1 cm2 square of nonfabric substrates, with and
without functionalization with PMMA or PMMA-H2O2, were
inoculated with 60 μL of the swab sample placed in the center
of the tissue square. The exposure was done at different times
(10, 30, or 60 min). The procedure was performed inside a
negative pressure laboratory and using a flow chamber cabinet
by trained BSL3 operators. After viral exposure, sample
inactivation was done by adding 250 μL of lysis buffer,
vortexing vigorously for 30 s, and incubating at 56 °C for 10
min. RNA was then extracted following the NZY Viral RNA
isolation kit, MB40701 (2020 NZYTech, Lda, Portugal)
according to the manufacturer’s instructions. The RT-qPCR
reactions were performed using the OmniSARS2 assay.25

Briefly, the assay detects three different SARS-CoV-2 genes
(ORF1ab, S, and E) and the human RNP gene as an internal
control. Reactions were set for a final volume of 30 μL
reaction, containing 10 μL of RNA sample and the remaining

Figure 4. SEM micrographs of PMMA-H2O2 MCs with magnifications of (a) 500×, (b) 1,000×, and (c) 2,000×. (d)−(f) Shell thickness of
PMMA-H2O2 MCs with the magnification of 100×; nonwoven fabric samples with PMMA-H2O2 MCs with magnifications of (g) 100×, (h) 200×,
and (i) 500×.
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volume of NZYSupreme One-Step RT-qPCR Probe Master
Mix, MB414 (2020 NZYTech, Lda, Lisbon, Portugal) and the
oligonucleotides at a final concentration of 333 nM each
SARS-CoV-2 primer, 84 nM each SARS-CoV-2 probe, 267 nM
internal control primer, and 67 nM internal control probe. The
reactions were incubated at 50 °C for 20 min (reverse
transcription), followed by incubation at 95 °C for 2 min
(inactivation reverse transcriptase/polymerase activation) and
45 cycles of 95 °C for 5 s (denaturation) and 60 °C for 30 s
(annealing/extension with the signal acquisition). RT-qPCR
assays were performed on QuantStudio 6 Pro (Applied
Biosystem by Thermo Fisher Scientific) and analyzed by
Design & Analysis Software, version 2.4.3 (2020 Thermo
Fisher Scientific), including linear regression and absolute
quantification analysis. Viral load in the tested samples was
calculated using absolute quantification from the Cq standard
curve of each viral probe determined with the commercial
standard reference, EDX SARS-CoV-2 Standard (SKU:
COV019, BioRad, Hercules, CA).25 Assays performed in
nonfabric substrates, with and without functionalization with
PMMA or PMMA-H2O2, were done at least in triplicate, with
more tests being carried out under more relevant conditions, to
ensure reproducibility. The percentage of viral elimination was
calculated using Cq values and respective viral quantification
load obtained from the control samples (nonfunctionalized
fabric) minus the viral load obtained in the functionalized
fabric. The percentage of viral elimination was calculated using
the following equation

viral elimination(%)

exposed copies(mL ) control copies(mL )
control copies(mL )

100

1 1

1=
[ − ]

×

− −

−

(1)

3. RESULTS AND DISCUSSION
3.1. Microcapsule Morphology. The control of the

PMMA MCs morphology is essential for attaining the desired
properties according to their final application. Furthermore,
the morphology is highly dependent on the choice of polymers
that hold the core material and the parameters used in the
synthesis.
As shown in the SEM micrographs in Figure 4, the PMMA

MCs (without the active agent) in Figure 4a−c and the
PMMA-H2O2 MCs in Figure 4d−f have a regular spherical
shape with a smooth, sealed, and pore-free structure. In all
SEM micrographs, no significant aggregation is seen. Figure
4g−i shows the surface morphology of fabric samples with
impregnation of PMMA-H2O2 MCs. It is possible to observe
that the dispersion of microcapsules in the fabric is feasible,
although there is some agglomeration of the microcapsules,
which is probably caused by the BAYPRET NANO-PU during
the impregnation process. However, it is apparent that the
microcapsules are efficiently attached to the surface of the
nonwoven fabric.
The heterogeneity in the size of both microcapsule systems

is verified. The heterogeneity of the size distribution is
probably caused by the stirring process during the synthesis.
The agglomeration of the oil phase potentiates the formation
of microcapsules of inhomogeneous size. Furthermore, as the
water−oil emulsion is formed quickly around the stirrer, the
smallest microcapsules are formed near the stirrer and the

larger ones further away.27 PMMA MCs have an average
diameter of 20 μm, within a range of 2−80 μm (Figure 5). The
microcapsule wall thickness varies between 7 and 32 μm
(Figure 4d−f).

3.2. Molecular Structure of Microcapsules. The
chemical structures of PMMA and PMMA microcapsules
were investigated using FTIR-ATR spectroscopy. Figure 6
shows the transmittance spectra of the characteristic peaks of
PMMA raw material, PMMA, and PMMA-H2O2 micro-
capsules.

The absorption peak at 1720 cm−1 is attributed to CO
stretching vibration. Another strong CO peak can be seen at
748 cm−1.28 The FTIR band at 1143 cm−1 is assigned to the
stretching vibration for C−O and the band at 1239 cm−1

corresponds to the ester group and the C−O−C single bond
vibration in the polymer.29 The absorption peaks at 2988 and
2948 cm−1 indicate the asymmetric and symmetric stretching
vibrations of the C−H band in PMMA, respectively.30 The

Figure 5. Particle size distribution of PMMA-H2O2 microcapsules.

Figure 6. FTIR spectra of PMMA raw (black), PMMA microcapsules
loaded with H2O2 (red), and PMMA microcapsules unloaded (blue).
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1435 cm−1 band is assigned to the bending vibration of CH3.
31

FTIR spectra of PMMA raw material and loaded and unloaded
PMMA MCs are identical, except for the presence of a peak at
667 cm−1 in the MC spectrum. The absence of the peak in the
raw material spectrum may indicate a possible change in the
chemical structure of the polymer during the synthesis of
microcapsules. PMMA may have reacted with PVA (Figure 7)

to form C−O bonds that could present a vibrational band at
667 cm−1.32 Similar FTIR results are reported for micro-
capsules with and without H2O2. This similarity of spectra may
indicate that hydrogen peroxide is efficiently encapsulated and
not present on the walls of the microcapsule. The results
suggest that the microcapsule formation reaction that occurs
does not produce changes in functional groups, since the
characteristic bands remain the same.
3.3. Thermogravimetry Analyses. Figure 8 shows the

thermogravimetric analysis (TGA) for the PMMA raw
polymer, unloaded PMMA microcapsules, and PMMA micro-
capsules loaded with H2O2 as a core agent. Derivative
thermogravimetry (DTG) curves are presented in Figure 9.
DTG curves suggest that PMMA has two main degradation

states, while the different MCs formed by this polymer seem to
have more degradation states that are partially overlapping.
The decomposition temperature for pure PMMA and the

synthesized microcapsule systems is presented in Table 1.
TGA results reveal that MCs have a lower thermal resistance
when compared to pure PMMA. The first degradation step,
which takes place between 95 and 195 °C, is more complex for
microencapsulation systems compared to pure PMMA. This
complexity may result from the overlap of PMMA with the
other constituents of the microcapsule, such as PVA and SDS.
PMMA MCs with H2O2 have a lower thermal resistance than
unloaded microcapsules from the second stage of degradation,
reaching 350 °C with a greater mass loss (62.5%).
Derivative thermogravimetry (DTG) indicates that the

degradation process around 137 °C is only present in MC
DTG. This degradation may be related to a synthesis reaction
product between PMMA and other constituents (PVA or
SDS). PMMA microcapsules loaded with H2O2 show a
degradation state at a temperature of 284 °C (peak marked
with an asterisk in Figure 9) that does not occur in unloaded
PMMA microcapsules, which can be related to the degradation
of H2O2.
In general, available scientific studies33,34 suggest that the

depolymerization of PMMA-H occurs in the last stage of
degradation, while the breaking of weaker bonds such as
PMMA-HH (breaking of the HH bond of MMA oligomers)
and breaking of the unsaturated ends of CHCH2 are more
likely to occur in the earlier stages.

3.4. Antiviral Activity of PMMA MCs. Fabric substrates
functionalized with PMMA MCs with or without H2O2 were
tested for antiviral activity by evaluating the percentage of
SARS-CoV-2 deoxyribonucleic acid degradation. The tests
targeted three different genes of the SARS-CoV-2 genome.
The exposure of SARS-CoV-2 positive samples with viral loads
from 1000 to 3000 copies per mL to the fabric functionalized
with PMMA resulted in the elimination of 62.27% (median) of
the viruses after 10 min (Figure 10). Increasing the time of
exposure to 30 min or 1 h resulted in an increase in the
percentage of SARS-CoV-2 elimination to values above 75%
(Figure 10). The highest percentage of viral elimination was
obtained when the viral sample was exposed to PMMA-H2O2
MCs for 1 h (Figure 10). This condition resulted in the
reduction by 97.26% (median) of the virus deoxyribonucleic
acid and consequently its elimination.
The highly efficient rate of viral elimination obtained by

exposure to PMMA-H2O2 MCs was found to be dependent on
the presence of microcapsules since the direct exposure of the
components present in the MC formulation has a significantly
lower effect on the detection of the virus (Figure 11). The
nonwoven fabric, solvent, polymer base, and binder have an
irrelevant effect on virus detection (less than 15% in samples
tested). An analysis of surfactants and empty MCs showed that
45.67 and 20.54% of them have been eliminated, respectively.
These results can be explained by the ability of surfactants,
such as SDS and PVA, to reduce the incidence of infectivity of
several viruses. These surfactants can interact with SARS-CoV-
2, dissolving their lipid bilayer and promoting the total
disruption of the virus, leading to its inactivation. In empty
MCs, the effect is not as pronounced when compared to
surfactants because their amount becomes residual after the
microcapsule synthesis. When microcapsules are loaded with
H2O2 at three different concentration levels (c1 = 12,5 mg/cm2,
c2 = 25 mg/cm2, and c3 = 50 mg/cm2), it is possible to

Figure 7. Possible polymerization reaction between poly(methyl
methacrylate) and poly(vinyl alcohol).

Figure 8. TGA curves for pure PMMA (red), PMMA + CF (orange),
PVA 5% (yellow), PVA 5% + SDS (green), H2O2 (blue), PMMA
MCs (violet), and PMMA-H2O2 MCs (purple).
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conclude that the effect of viral shedding is superior for
concentrations higher than c1. At concentrations 25 and 50
mg/cm2, 90.2 and 79.2% viral clearances, respectively, are
obtained. These results demonstrate that this microencapsu-
lation system has a high potential of eliminating SARS-CoV-2.
To assess the stability of substrates functionalized with

PMMA-H2O2 MCs, SARS-CoV-2 tests using freshly prepared
material versus preparations with three weeks of preparation
were repeated (Figure 12). The results show no decrease in the
ability of functionalized samples to eliminate the virus. It is
even possible to visualize a slight increase; albeit being relevant
and related to the uncertainty of the method and the
heterogeneity of microcapsules.
Morever, it is possible to observe differences in the

percentage of virus elimination upon exposure to PMMA-
H2O2 MCs. During 1 h of exposure, in the virus exposure time
test (Figure 10), the MCs loaded with H2O2 eliminated about
97% of the virus. However, in the assay shown in Figure 11,
90% of viral elimination occurred in the presence of PMMA-
H2O2 MCs, while for these MCs final stability assay and in
∼60% of viral elimination was registered (Figure 12). These
differences can be justified because the results were obtained in
three different trials and the method used is highly sensitive.
Therefore, small variations in the number of virus copies
present in the sample result in experimental variations
associated with microcapsules. The protocol of exposure of
samples to clinical isolates of SARS-CoV-2 is likely to be the
reason for the variations observed in the results obtained.

Nevertheless, results between trials are consistent and
differences between conditions are clear.

4. CONCLUSIONS

The appearance of the SARS-CoV-2 virus continues to be a
public health problem and the available disinfectants are
effective for a short period of time. The goal of this work was
to apply and test microcapsules loaded with H2O2 on
nonwoven fabrics to evaluate the efficiency to eliminate the
SARS-CoV-2 virus through nucleic acid degradation. The
microcapsules were characterized by SEM, TGA, and ATR-
FTIR. SEM observations showed that, despite the hetero-
geneity in the size of microcapsules, these materials presented
characteristics that make them suitable for use in disinfectant
products. The regular spherical structure and absence of pores,
low aggregation, and size of MCs enhanced their applicability
in aqueous and solid matrices. Moreover, it was concluded that
microcapsules were successfully impregnated into nonwoven
fabrics. TGA showed that PMMA microcapsules loaded with
H2O2 had high thermal stability, delaying the decomposition of
H2O2, which was a very volatile and reactive compound with
oxygen. ATR-FTIR results allowed to confirm the chemical
structure of PMMA MCs unloaded and loaded with H2O2.
However, it was not appropriate for characterizing the
microencapsulation process since no changes in molecular
structure were observed in the ATR-FTIR spectrum.
The results obtained by a highly sensitive and specific RT-

qPCR-based detection method to evaluate its efficacy in SARS-
CoV-2 elimination strongly reinforce the functionalization of

Figure 9. DTG curves for pure PMMA (red), PVA 5% (orange), PVA 5% + SDS (yellow), PMMA MCs (green), PMMA-H2O2 MCs (blue), and
H2O2 (violet).

Table 1. Solvent Evaporation Temperature (5% wt Loss), Temperature, and Percentage of wt Loss for Degradation Steps and
Percentage of Residual Material at 350 °C for Pure PMMA and PMMA MC Systems

samples 5% wt loss (°C) 1st degradation step (°C/% wt loss)
2nd/3rd degradation Step

(°C/% wt loss) residual material at 350 °C (% wt loss)

PMMA 168.4 140−195/98.2−90.7 260−420/89.3−0.06 48.2
PMMA MCs 121.2 95−195/98.6−82.6 260−420/79.7−0.12 46.0
PMMA-H2O2 MCs 122.7 95−195/98.7−81.0 210−420/80.4−0.21 36.5
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Figure 10. Percentage of viral SARS-CoV-2 elimination of nasopharyngeal human samples after exposure to nonfabric substrates functionalized
with empty PMMA-based microparticles or PMMA microparticles containing H2O2 at different exposure times (10 min or 1 h). Viral elimination
was calculated considering the differential Cq values of treated vs nontreated samples obtained from the RT-qPCR SARS-CoV-2 nucleic acid
detection method. The box plot shows a quantitative distribution of the data (10 min, n = 6; 30 min, n = 6; 1 h, n = 3; H2O2 30 min, n = 3; H2O2 1
h, n = 15).

Figure 11. Percentage of viral SARS-CoV-2 elimination of nasopharyngeal human samples after exposure to nonfabric substrates functionalized
with tissue, chloroform, BAYPRET NANO-PU, PMMA, PVA-SDS, empty PMMA-based microcapsules, and PMMA microcapsules containing
H2O2 at different concentrations (c1, c2, c3) during 1 h of exposure. Viral elimination was calculated considering the differential Cq values of treated
vs nontreated samples obtained from the RT-qPCR SARS-CoV-2 nucleic acid detection method. The box plot shows a quantitative distribution of
the data.
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fabric with PMMA MCs loaded with H2O2 has a high potential
to promote the elimination of SARS-CoV-2 contamination.
The elimination of the virus in fabric samples functionalized
with these MCs was above 95% after 1 h of exposure. This
suggests that the method herein described could be very useful
in the future development of materials that are safe and
efficient in controlling the transmission of this virus. In
addition, stability tests demonstrate that the functionalized
samples maintain the ability to eliminate the virus with the
time elapsed after the MC preparation. Virus elimination was
highly dependent on the presence of PMMA-H2O2 MCs due
to the low effect of the several components present in
microcapsule formulation on virus elimination when separately
tested.
The encapsulation avoids the rapid evaporation and

degradation of H2O2. Some future work on the micro-
encapsulation of other disinfecting agents of a similar chemical
nature can easily be carried out to enhance the elimination of
the virus and build a very effective disinfectant product. Thus,
future developments to increase the stability of the MC
formulations are of relevance to future applications.
Another topic that is quite important is the quantification of

an encapsulated disinfecting agent. This subject is being
developed through the construction of an analytical method
with a low detection limit that allows the quantification of low
concentrations of encapsulated H2O2. Although the quantifi-
cation of H2O2 has been extensively explored over the last few
decades, the quantification of very low concentrations of H2O2
and the disintegration of PMMA MCs without H2O2
decomposition are still challenging topics.
However, this first preliminary study was able to

demonstrate the ability of MCs PMMA-H2O2 to eliminate
the SARS-CoV-2 virus in a nonwoven tissue matrix over a

period of three weeks. This prolonged effect is innovative and
extremely important for an increase in disinfection time for the
development of new product formulations.
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